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Single-wall  carbon  nanotubes  (SWNTs),  deposited  onto  an  A1  substrate  from  a  liquid  suspension,  have  been 
cleaned  by  annealing  in  ultrahigh  vacuum.  The  effects  of  exposing  the  sample  in  situ  to  atomic  H  (or  D) 
and/or  to  dimethyl  methylphosphonate  [DMMP,  (CH30)2(CH3)P=0]  were  then  studied  using  polarization- 
modulated  infrared  reflection— absorption  spectroscopy.  Atomic  H  reacts  preferentially  near  strained  or  defective 
regions  in  the  nanotube  wall  to  produce  a  spectrum  consistent  with  alkane-like  species  (>CH2  and  — CH3). 
Only  a  small  fraction  of  the  >C=C<  sites  in  the  nanotube  wall  react  with  H,  and  there  is  no  clear  evidence 
for  monohydride  >C(H)— C(H)<  species.  For  DMMP,  data  were  obtained  under  steady-state  conditions  in 
reagent  pressures  in  excess  of  half  the  room-temperature  vapor  pressure.  Adsorption  occurs  via  the  P=0 
group  with  a  coverage  that  depends  on  the  ambient  pressure.  Varying  the  DMMP  coverage  by  changing  the 
pressure  causes  changes  in  the  spectrum  that  can  be  related  to  the  strength  of  the  DMMP/SWNT  interaction. 
Preadsorbed  H  is  seen  to  have  little  or  no  effect  on  the  subsequent  adsorption  of  DMMP.  For  DMMP,  the 
molecular  features  are  superimposed  on  a  broad,  smoothly  varying  background  that  can  be  related  to  adsorption- 
induced  changes  in  the  Drude  parameters  characterizing  the  SWNT  free-carrier  density  and  scattering  lifetime. 


1.  Introduction 

The  chemistry  of  single-wall  carbon  nanotubes  (SWNTs)  has 
been  a  subject  of  interest  for  several  years.  (For  recent  reviews, 
see  refs  1—3.)  Much  of  this  work  has  used  vibrational 
spectroscopy  (either  infrared  (IR)  or  Raman)  as  the  most  suitable 
technique  for  identifying  functional  groups  and  has  focused  on 
samples  prepared  in  liquid  media  and  handled  in  ambient  air. 
The  high  surface-to-volume  ratio  of  even  multiwall  nanotubes 
makes  chemical  phenomena  intrinsically  surface-related  and 
suggests  the  value  of  working  with  well-characterized  samples 
under  controlled  conditions.  Furthermore,  contamination  by 
atmospheric  species  (e.g.,  H2O  and  O2)  is  known4-8  to  be 
important  in  the  electronic  properties  of  SWNTs.  Despite  this, 
few  studies  of  SWNT  chemistry  have  combined  vibrational 
spectroscopy  with  any  form  of  surface  analysis,  such  as  X-ray 
photoemission  or  Auger  electron  spectroscopy  (XPS  or  AES). 
The  purpose  of  the  present  work  is  to  evaluate  a  method  for 
performing  IR  studies  of  adsorption  on  SWNTs  that  is  also  fully 
compatible  with  the  use  of  such  electron  spectroscopies. 

Designing  an  experiment  that  permits  both  IR  and  electron- 
spectroscopic  studies  of  SWNTs  presents  certain  difficulties. 
The  standard  approach  to  obtaining  IR  data  for  SWNTs  is  to 
deposit  samples  on  an  IR-transmitting  material  such  as  KBr  or 
CaF2-  However,  all  such  halides  are  extremely  susceptible  to 
damage  (i.e.,  halogen  desorption)  by  electron  impact  which 
results  in  a  defective  surface  layer9  capable  of  reacting  with 
the  SWNTs  and/or  the  reagent  being  studied.  Oxides  such  as 
Si02  or  AFO3,  although  somewhat  less  easily  damaged  by 
electron  impact  (especially  when  free  of  surface  —OH  groups10), 
have  unfavorable  IR  transmission  properties  for  substrates  of 
practical  thickness  (~0.3  mm  or  more).  In  addition,  insulating 
substrates  (even  those  less  susceptible  to  damage,  such  as  ZnSe) 
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present  the  problem  of  charging  during  electron-beam  irradiation 
or  photoelectron  emission. 

Three  possible  solutions  were  initially  considered  here:  (a) 
free-standing  SWNT  films11  sandwiched  between  layers  of  W 
mesh  for  support  and  for  resistive  heating,  (b)  films  deposited 
on  semiconductor  wafers  (Si  or  Ge),  and  (c)  films  deposited  on 
a  metallic  substrate.  Methods  a  and  b  involve  IR  transmission 
measurements  at  near-normal  incidence.  Method  c  employs 
reflectance  at  a  high  (~82°)  angle  of  incidence  with  respect  to 
the  surface  normal  and  is  thus  termed  “IR  reflection— absorption 
spectroscopy”  (IRRAS).  Preliminary  results  for  method  a 
showed  that  it  was  difficult  to  prepare  a  sample  thin  enough 
for  good  mid-IR  transmission  that  was  also  free  of  pinholes 
and  sufficiently  robust  to  allow  handling  and  mounting. 
However,  a  variation  of  this  method,  in  which  SWNTs  are 
deposited  from  a  liquid  suspension  onto  a  fine  W  mesh,  has 
been  used  elsewhere.12,13  Method  b  is  a  workable  solution; 
however,  many  reagents  of  interest  will  chemisorb  readily  at 
room  temperature  on  Si,  Ge,  and  their  oxides  as  well  as  on 
SWNTs  which  complicates  the  interpretation  of  spectroscopic 
data.  There  is  also  the  potential  problem  of  reaction  (e.g.,  SiC 
formation14)  during  cleaning  of  the  SWNTs  by  annealing  in 
ultrahigh  vacuum  (UHV). 

The  present  work  has  made  use  of  method  c,  which  provides 
a  number  of  advantages  over  other  methods  and  which  has 
already  been  used15  to  facilitate  the  recording  of  AES  and  XPS 
data  for  SWNT  samples.  For  a  thin  dielectric  layer  (~  1 00  nm 
thick  or  less)  on  a  metallic  substrate,  which  is  termed  a  “buried 
metal  layer”  (BML)  structure,  the  mid-IR  optical  properties  are 
dominated  by  those  of  the  metal  (e.g.,  refs  16  and  17  and 
references  therein).  Specifically,  the  electric  field  intensity  at 
the  surface  is  negligibly  small  except  in  p-polarization  and  at  a 
high  angle  of  incidence.  This  combination  of  a  high  electric 
field  intensity  and  a  high  angle  of  incidence  is  what  makes 
IRRAS  sensitive  to  sub-monolayer  coverages  of  adsorbates  on 
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metals.18  For  nonmetals,  on  the  other  hand,  the  surface  electric 
field  intensity  maximizes  at  a  smaller  value  and  at  a  smaller 
angle  of  incidence  than  for  a  metal.  The  BML  approach  has 
been  used  by  many  groups19-24  to  enhance  the  IRRAS  sensitiv¬ 
ity  to  adsorbates  on  nonmetallic  surfaces  over  what  can  be 
attained  in  external  reflection  measurements  on  the  same 
materials  in  bulk  form.  The  thickness  of  the  nonmetallic  layer 
typically  employed  in  a  BML  experiment  is  such  that  the  layer 
is  “optically  thin  but  chemically  thick”.  This  means  that  the 
mid-IR  optical  properties  are  essentially  those  of  the  metal,  but 
the  chemical  response  to  adsorbates  is  that  of  the  nonmetallic 
material  of  interest. 

The  polarization  properties  described  above  define  the  so- 
called  “metal-surface  IRRAS  selection  rule”18  which  dictates 
that  only  adsorbate  vibrational  modes  with  a  finite  component 
of  the  dynamic  dipole  moment  along  the  surface  normal  are 
detectable,  and  then  only  in  p-polarization  and  at  a  high  angle 
of  incidence.  The  s-polarized  IR  radiation  does  not  couple  to 
the  vibrational  modes  of  adsorbates  on  metals  or  on  BML 
substrates  because  the  electric  field  vanishes  at  the  surface.  One 
can  make  use  of  this  effect  by  employing  polarization  modula¬ 
tion  (PM)  to  measure  the  quantity  A R/R  =  (Rs  —  RP)/(RS  + 
Rp),  where  Rs  <Rp)  is  the  s  (p)-polarized  reflectance.  This  offers 
two  distinct  advantages  over  a  transmission  measurement, 
although  at  the  expense  of  an  increased  experimental  complexity. 
First,  weak  adsorbate  absorptions  (which  appear  only  in 
p-polarization)  can  be  seen  in  the  presence  of  much  stronger 
but  isotropic  gas-phase  absorptions.  This  has  been  exploited  in 
a  number  of  in  situ  studies25-29  of  surface  reactions  at  elevated 
reagent  pressures  and  is  expected  to  be  useful  in  observing 
SWNT  surface  chemistry  under  practical  conditions.  Many 
species  of  interest  adsorb  only  weakly  on  SWNTs,  and 
maintaining  a  sufficiently  high  coverage  at  room  temperature 
requires  experiments  to  be  performed  under  a  finite  steady-state 
reagent  pressure.  Second,  Rs  is  unaffected  by  the  adsorbate  and 
thus  serves  as  a  reference  signal,  making  the  experiment  in  effect 
a  double-beam  measurement  even  though  there  is  physically 
only  one  IR  beam.  Hence,  the  PM  experiment  is  relatively 
immune  to  the  drift  and  instrumental  instabilities  that  affect  true 
single-beam  IRRAS. 

The  adsorbates  considered  here  are  atomic  H  (and  D)  and 
dimethyl  methylphosphonate  [DMMP,  (CH30)2(CH3)P=0] 
which  are  of  interest  for  specific  reasons.  Adsorption  of  H  has 
been  found30-32  to  have  the  potentially  useful  effect  of  convert¬ 
ing  SWNTs  from  metallic  to  semiconducting,  and  the  vibrational 
spectrum  of  adsorbed  H  can  be  a  useful  probe  of  surface 
structure  (e.g.,  for  semiconductors33).  Sensors  based  on  SWNTs 
have  been  demonstrated  for  a  number  of  gases  including 
DMMP,34  which  is  of  interest  as  a  simulant  for  pesticides  and 
for  chemical  warfare  nerve  agents.  However,  the  surface 
chemistry  involved  in  adsorption  of  DMMP  on  SWNTs  has  not 
been  studied  in  detail.  The  combined  use  of  the  BML  and  PM- 
IRRAS  approaches,  described  above,  permits  the  detection  of 
these  species  on  SWNTs  with  high  sensitivity  and  under  “high” 
ambient  pressures.  Although  AES  and  XPS  data  were  not 
obtained  in  the  present  study,  due  to  instrumental  limitations, 
the  sample  configuration  is  completely  compatible  with  such 
measurements.15 

2.  Experimental  Details 

2.1.  Infrared  Measurements.  The  PM  Fourier  transform 
infrared  (FTIR)  apparatus  and  measurement  techniques  have 
been  described  in  detail  previously,26  although  some  improve¬ 
ments  have  been  incorporated  since  the  original  work.  The  UHV 


chamber  has  also  been  described  previously.26  The  spectrometer 
is  now  a  Nicolet  870  which  permits  simultaneous  recording  of 
both  the  unmodulated  (R)  and  polarization-modulated  (A R) 
interferograms.  In  addition  to  halving  the  data  acquisition  time, 
this  eliminates  instabilities  associated  with  recording  the  two 
interferograms  sequentially.  The  “narrow-band”  HgvCdi_tTc 
(MCT)  detector  now  has  a  preamplifier  with  built-in  compensa¬ 
tion  for  nonlinear  response.35’36  These  modifications  greatly 
improve  the  cancellation  of  strong  gas-phase  absorptions  in  the 
individual  single-beam  spectra.  As  discussed  in  ref  26,  A  R/R  is 
related  to  S,  the  measured  signal  after  intensity  calibration,  by 
A  R/R  =  S/[l  ±  /o(A)(l  —  5)],  where  /o(A)  is  the  zeroth-order 
Bessel  function  of  the  phase  modulation  amplitude  A.  The  sign 
depends  on  the  azimuthal  angles  of  the  polarizer  and  modulator 
relative  to  the  surface  normal.  The  correct  sign,  as  well  as  the 
value  of  A  (which  varies  with  the  IR  wavelength),  can  easily 
be  determined  (see  below)  from  the  overall  shape  of  the 
intensity-calibration  spectrum.  Since  A  is  known  at  any  point 
in  the  spectrum,  Jq(A)  can  be  computed  and  used  to  obtain  A R/R 
from  the  measured  signal.  This  procedure,  rather  than  the 
approximation  described  in  ref  26,  was  used  to  include  the  effect 
of  the  dependence  of  Jo(A)  on  photon  energy.  This  correction, 
which  is  often  neglected  in  PM-IRRAS,  can  significantly  affect 
relative  intensities  across  the  spectrum.  The  difference  between 
the  corrected  A  R/R  spectra  thus  obtained  before  and  after  gas 
exposure  then  gives  the  final  quantity  of  interest,  d(A R/R),  which 
is  the  change  in  the  spectrum  due  to  the  adsorbate.  Given  the 
definition  of  d(AR/R),  features  in  the  spectrum  arising  from 
absorption  caused  by  the  adsorbate  will  be  “positive”  (i.e., 
upward-pointing)  and  those  due  to  absorptions  that  are  removed 
by  the  adsorbate  will  be  “negative”  (i.e.,  downward-pointing). 

The  PM-IRRAS  data  were  obtained  at  8  cm-1  resolution, 
typically  by  averaging  2000  scans  in  17  min.  Triangle  apodiza- 
tion  and  4-fold  zero-filling  were  applied  to  the  interferograms 
before  Fourier  transformation.  The  phase  modulation  was  set 
to  give  half-wave  amplitude  (i.e.,  A  =  Jt)  at  2600  cm-1  which 
can  be  checked26  by  comparing  the  shapes  of  the  observed  and 
calculated  intensity-calibration  spectra,  given  by  cJ2(A)/(l  ± 
Jo(A)),  where  c  is  a  constant  independent  of  photon  energy  and 
JiiA)  is  the  second-order  Bessel  function  of  A.  The  variation  of 
A  with  photon  energy,  which  depends  on  the  choice  of  the  half¬ 
wave  point,  determines  the  energy  dependence  of  the  experi¬ 
mental  sensitivity.26  Data  were  obtained  in  the  4000—700  cm-1 
range,  with  the  lower  limit  being  fixed  by  the  transmission  cutoff 
of  the  ZnSe  polarization  modulator  and  by  the  detector  response. 

2.2.  Sample  and  Reagents.  The  SWNT  sample  was  deposited 
by  spraying  a  suspension  in  AGV-dimethylformamide  (DMF,  ~5 
mg/L)  from  an  airbrush  onto  the  substrate  at  about  200  °C.  The 
suspension  was  prepared  by  ultrasonic  agitation  of  a  concen¬ 
trated  mixture  (~50  mg/L)  of  SWNT  bundles  in  DMF  followed 
by  dilution.  The  SWNT  stock  was  single-walled  HiPco  material 
obtained  from  Carbon  Nanotechnologies  Inc.  (CNI)  with  a  stated 
purity  of  about  96%  and  was  used  without  further  processing. 
The  SWNT  film  appeared  to  the  unaided  eye  as  a  faint  and 
uniform  dull  black  haze  on  the  substrate.  The  substrate  was  an 
electrolytically  polished  A1  block.  A  second,  nominally  identical 
A1  block  with  no  SWNT  layer  was  used  as  a  reference,  and 
this  block  included  a  small  hole  in  which  a  chromel— alumel 
thermocouple  was  buried  for  temperature  measurement.  A 
manipulator  allowed  positioning  of  one  block  or  the  other  in 
the  light  path.  The  samples  were  mounted  in  an  UHV  chamber 
with  a  base  pressure  of  <2  x  10-10  Torr  after  ~18  h  of  baking 
at  about  140  °C.  It  has  been  found37  that  SWNTs  do  not  react 
with  A1  at  temperatures  below  about  700  °C,  which  is  above 
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Figure  1.  PM-IRRAS  data  showing  the  effect  of  annealing  at  307  °C 
in  a  vacuum  on  the  as-inserted  SWNT/A1  sample.  The  plot  shows  the 
A R/R  spectrum  of  the  annealed  sample  after  subtraction  of  the  spectrum 
before  thermal  treatment,  and  the  negative  (downward-pointing)  peaks 
indicate  the  desorption  of  surface  species.  The  insets  show  parts  of  the 
spectrum  in  more  detail.  The  very  weak  structure  near  2400  cm-1,  seen 
in  this  spectrum  and  in  others,  is  an  artifact  resulting  from  the  signal¬ 
processing  electronics. 

the  A1  melting  point  of  660  °C.  Also,  no  degradation  of  the 
sample  (e.g.,  a  change  in  chemisorption  behavior)  was  noted 
after  many  annealing  treatments  up  to  520  °C  (see  below).  The 
thermally  stable  native  oxide  on  the  A1  surface  probably 
impeded  any  extensive  carbide  formation. 

Exposure  to  H  or  D  atoms  was  done  by  back-filling  the 
chamber  with  nominally  99.995%  pure  TE  or  99.65%  pure  Dt 
gas  through  a  leak  valve  with  a  W  filament  resistively  heated 
to  ~  1700— 1800  °C  at  a  distance  of  about  5  cm  from  the  sample. 
The  H2  cracking  efficiency  on  W  at  this  temperature38  is  ~2.5%. 
The  gas  was  pumped  continuously  by  a  cryopump  while 
maintaining  a  pressure  of  ~5  x  10-6  Torr  (TE)  or  ~4  x  10-5 
Torr  (D2),  based  on  uncorrected  cold-cathode  ionization  gauge 
readings.  The  IE  and  D2  exposures  are  given  in  Langmuirs  (L) 
where  1  L  =  1  x  10-6  Torr-s.  The  purity  of  the  gas  was  checked 
using  a  quadrupole  mass  spectrometer  in  the  UHV  chamber. 
The  sample  was  biased  at  —  1 1  V  to  repel  low-energy  electrons 
from  the  hot  filament,  and  a  positive  voltage  drop  (~8  V)  was 
maintained  across  the  filament  during  operation  to  impede 
electron  emission.  The  sample  temperature  typically  rose  to  ~60 
°C  due  to  radiative  heating  by  the  filament. 

The  DMMP  was  stored  in  a  glass  bulb  and  degassed  by 
repeated  freeze— pump— thaw  cycles,  with  freezing  in  liquid  N2. 
Exposures  were  done  by  static  back-filling  of  the  chamber 
through  a  leak  valve.  The  purity  was  checked  using  an  IR 
transmission  spectrum  of  the  gas  in  the  chamber  during  an 
experiment.  This  was  obtained  from  the  ratio  of  the  unmodulated 
( R )  single-beam  spectra  recorded  before  and  after  admitting  the 
gas  and  was  compared  to  a  standard  reference  spectrum.39 

3.  Results  and  Discussion 

3.1.  In  Situ  Carbon  Nanotube  Cleaning.  Previous  IR 
studies40,41  have  shown  that  SWNTs  contain  adsorbed  O  in  the 
form  of  C— OH  and  C=0  species  until  heated  in  UHV  to  at 
least  450  °C.  Other  work413  indicates  that  a  much  higher 
temperature  is  needed  to  remove  completely  all  traces  of  O. 
Figure  1  shows  PM-IRRAS  data  illustrating  the  effect  of 
annealing  the  “as-inserted”  sample  to  307  °C  in  a  vacuum  of 
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Figure  2.  A  R/R  spectrum  of  the  520  °C-annealed  SWNT/A1  sample 
after  subtraction  of  the  spectrum  of  a  bare  A1  substrate  subjected  to 
the  same  annealing.  The  positive  (upward-pointing)  features  indicate 
absorption  associated  with  the  SWNTs.  The  peak  assignments  are 
discussed  in  the  text. 

~5  x  10-9  Torr  in  the  unbaked  UHV  chamber  (see  above). 
The  spectrum  was  obtained  by  recording  A  R/R  for  the  as- 
inserted  sample  and  subtracting  it  from  A  R/R  recorded  after 
annealing  and  is  intended  to  indicate  the  range  of  species  that 
desorb  from  an  otherwise-untreated  sample  under  moderate  in 
vacuo  annealing.  Here,  the  negative  peaks  in  the  <5(A R/R) 
difference  spectrum  show  the  removal  of  surface  species  by  the 
annealing  process.  The  desorption  of  alkane-like  hydrocarbon 
contaminants  is  indicated  by  the  C— H  stretching  modes  at  2851, 
2923,  and  2955  cm-1.  Some  of  the  other  features  in  Figure  1 
have  been  discussed  elsewhere.13’40’41  The  broad  band  at  ~3450 
cm-1  indicates  the  loss  of  H-bonded  —OH  groups  and/or 
physisorbed  H2O.  The  structure  in  the  1680—1735  cm-1  range 
has  been  assigned  to  the  loss  of  various  carbonyl  (>C=0) 
species.  The  other  features  are  assumed  to  be  associated  with 
the  removal  of  adsorbed  hydrocarbons;  however,  no  attempt  at 
a  complete  assignment  has  been  made.  It  is  noted  that  temper¬ 
ature-programmed  desorption  studies42  have  suggested  that  the 
pyrolysis  of  O-containing  sites  leaves  the  nanotube  wall  in  a 
strained  and  more  reactive  state  than  a  pristine  SWNT. 

Figure  2  shows  the  spectrum  of  the  SWNT  sample  after 
heating  in  UHV  to  520  °C,  referenced  to  that  of  the  bare  A1 
substrate.  This  is  the  maximum  annealing  temperature  used  in 
the  present  work  and  was  the  typical  treatment  prior  to 
adsorption  studies.  Here,  d(A R/R)  was  obtained  by  subtracting 
A  R/R  for  the  bare  A1  reference  sample  (see  above),  which  was 
annealed  identically,  from  that  of  the  SWNT/A1  sample.  The 
spectrum  cannot  be  directly  related  in  any  simple  way  to  the 
“true”  IR  spectrum  of  the  SWNTs  themselves  for  two  reasons. 
First,  the  subtraction  used  to  obtain  <5(A R/R)  involves  the 
assumption  that  optical  absorption  in  the  surface  layer  (the 
SWNTs)  has  a  small  and  strictly  additive  effect  on  the 
reflectance  of  the  bare  substrate  (Al).  While  this  is  valid  for 
the  weakly  absorbing,  sub-monolayer  adsorbate  layers  of  interest 
here,18  it  is  not  true  for  the  SWNT  layer  itself.  Second,  the  IR 
polarization  vector  within  the  SWNT  film  makes  an  angle  with 
respect  to  the  surface  normal  which  is  determined  by  the  angle 
of  incidence  and  by  refraction  at  the  vacuum/SWNT  interface. 
The  SWNT  film,  consisting  of  a  network  of  tubes  “lying  flat”, 
has  anisotropic  optical  properties43  that  depend  on  this  angle. 
The  value  of  Figure  2  is  in  identifying  chemical  species 
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Figure  3.  PM-IRRAS  data  for  a  SWNT/A1  sample  exposed  to  H  atoms. 
The  inset  shows  the  C— H  stretching  region  in  detail  together  with  a 
least-squares  fit  with  three  Gaussians  and  a  quartic  polynomial 
background.  The  points  show  the  data  after  subtraction  of  the  fitted 
background,  and  the  lines  show  the  three  components  and  the  total  fit. 
The  upper  trace  in  the  inset  shows  the  raw  data.  Note  the  difference  in 
the  scale  of  d(A R/R)  versus  Figures  1  and  2. 

remaining  after  a  maximum  annealing  treatment  in  UHV.  For 
example,  a  species  that  is  completely  unaffected  by  annealing 
would  not  appear  in  the  d(A R/R)  difference  spectrum  in  Figure 
1  but  would  be  seen  in  Figure  2. 

The  feature  at  1588  cm-1  is  assigned  to  the  SWNT  phonon 
observed  very  near  this  energy  in  IR40  4144  and  Raman45  spectra. 
No  indication  of  the  hydrocarbon  or  carbonyl  absorptions,  noted 
above,  is  seen  for  the  annealed  sample.  The  band  at  1241  cm-1 
is  assigned  to  the  C— O  stretching40,41  associated  with  C— O— C 
groups  in  the  nanotube  wall.  Previous  work13,15, 40,41  indicates 
that  annealing  in  excess  of  700  °C  is  needed  to  eliminate  these 
species.  The  peak  at  1 140  cm-1  is  assigned  to  Al— O— C  groups 
formed  by  C  atoms  in  direct  contact  with  the  oxidized  Al 
surface.  This  is  based  on  the  Al— O— CH3  stretching  frequency46 
of  1091  cm-1  for  CH3O—  on  AFO3  and  is  consistent  with  the 
presence  of  a  negative  feature  at  958  cm-1,  the  longitudinal- 
optic  phonon  frequency47  for  a  very  thin  AFO3  film  on  Al,  which 
indicates  the  loss  or  modification  of  oxide  on  the  Al  surface. 
This  feature  did  not  appear  strongly  in  the  spectrum  until  the 
SWNT/A1  interface  had  been  annealed  above  ~400  °C.  Previous 
IRRAS  results48  (without  PM)  for  SWNTs  deposited  on 
electrolytically  polished  Al  (without  subsequent  annealing)  also 
show  a  band  at  about  1200  cm-1  which  was  assigned  to  a 
disorder-induced  SWNT  mode.  It  is  noted  that  the  electric  field 
intensity  in  a  BML  structure  is  largest  at  the  metal  surface  which 
will  enhance  the  IRRAS  intensity  for  species  directly  adsorbed 
on  the  metal  versus  farther  away  in  the  SWNT  layer. 

3.2.  Hydrogen.  No  H-related  absorptions  were  observed,  for 
SWNT  samples  cleaned  as  described  above,  in  an  ambient  of 
~10-4  Torr  of  H2  in  the  absence  of  a  hot  W  filament.  Molecular 
H2,  which  can  be  seen  in  Raman  spectra49  of  SWNTs  in  a  high 
pressure  of  H2,  would  be  difficult  to  detect  in  the  IR,  even  for 
molecules  in  a  non-centrosymmetric  environment  within  a 
SWNT.  In  any  case,  the  present  experimental  sensitivity  is  poor 
in  the  region  of  the  H2  mode  (~4150  cm-1).  Figure  3  shows 
data  for  H-atom  exposure.  An  H2  exposure  of  ~2  x  104  L, 
under  the  conditions  described  above,  was  sufficient  to  reach 
saturation  in  that  further  exposure  led  to  no  significant  change 
in  the  spectrum.  None  of  the  features  in  Figure  3  were  seen 
when  exposing  the  bare  Al  reference  sample  to  H  atoms.  It  is 


also  noted  that  the  peak  intensities  in  Figure  3  are  small 
compared  to  those  in  Figures  1  and  2.  A  limited  study  (not 
shown)  was  performed  of  the  effect  on  the  H-exposed  sample 
of  annealing  in  UHV.  Up  to  150  °C,  little  or  no  change  was 
seen  other  than  a  sharpening  of  the  C— H  stretching  absorptions. 
A  300  °C  anneal  caused  a  loss  of  about  two-thirds  of  the  C— H 
intensity. 

Least-squares  fits  in  the  C— H  stretching  region,  using  a  sum 
of  Gaussians  and  a  quartic  polynomial  background  function, 
were  done  to  define  more  clearly  the  peak  positions  and  relative 
intensities.  A  two-component  fit  reveals  peaks  at  2853  and  2935 
cm-1  with  a  full  width  at  half-maximum  (fwhm)  of  49  and  75 
cm-1,  respectively.  The  data  could  also  be  fitted  with  a  sum  of 
three  Gaussians  but  with  little  or  no  improvement  in  the  quality 
of  the  fit,  as  measured  by  the  sum  of  (fit-data)2  over  all  points. 
The  three-component  fit  (shown  in  Figure  3)  gives  peaks  at 
2856,  2923,  and  2962  cm-1  with  a  fwhm  of  57,  49,  and  55 
cm-1,  respectively.  There  is  no  statistical  basis  for  favoring  the 
three-component  fit.  However,  the  higher-energy  band  does 
appear  (reproducibly,  for  all  experiments)  to  consist  of  a  peak 
with  a  shoulder  on  the  high-energy  side.  This  fact,  and  the 
similarity  of  all  fwhnrs  for  the  three -component  fit,  suggests 
that  it  is  the  correct  model.  These  widths  are  much  greater  than 
the  instrumental  resolution  of  8  cm-1  and  indicate  a  high  degree 
of  inhomogeneous  broadening.  The  Lorentzian  width  of  a  C— H 
stretching  mode  in  this  case  is  expected50  to  be  negligible  (~1 
cm-1).  An  interpretation  of  the  C— H  stretching  modes  will  be 
presented  after  additional  data  are  examined. 

Figure  3  shows  a  negative  peak  at  about  1580  cm-1  which 
indicates  the  removal  of  >C=C<  groups  by  H  adsorption.  A 
comparison  of  the  intensity  of  the  >C=C<  peak  in  Figures  2 
and  3  indicates  that  H  adsorption  under  the  present  conditions 
removes  only  a  small  fraction  (roughly  10%)  of  such  sites. 
Figure  3  shows  one,  and  perhaps  two,  other  features.  One  is 
the  negative  peak  at  ~1300  cm-1.  A  peak  at  about  this  energy 
is  typically  observed  in  SWNT  Raman  spectra51  (where  it  is 
termed  the  “D-band”)  and  assigned  to  regions  of  disorder, 
defects,52  and/or  sp3-hybridized  sites.53  In  IR  transmission 
data,13,40,41  an  ill-defined  structure  in  the  1300—1500  cm-1  range 
is  typically  observed  but  not  assigned.  If  the  1300  cm-1  peak 
is,  in  fact,  associated  with  strain  or  defects  of  some  kind,  then 
the  data  are  consistent  with  these  being  reactive  sites.  The 
elimination  of  the  Raman  D-band  by  thermal  oxidation  has  been 
reported,54  and  previous  theoretical  work55,56  indicates  that 
adsorption  of  H  should  be  enhanced  near  regions  of  strain  in 
nanotube  walls.  In  the  region  between  the  negative  1300  and 
1580  cm-1  peaks,  there  is  a  suggestion  of  a  positive  peak  at 
about  1450  cm-1,  the  expected  energy  of  a  C~ H  bending  mode. 
For  example,  on  the  hydrogenated  C(100)-(2  x  1)  (diamond) 
surface,  a  C— H  bending  mode  of  the  >C(H)— C(H)<  group  is 
found  at  183  meV  (1476  cm-1)  in  high-resolution  electron 
energy  loss  spectra.57 

For  H/SWNT,  regardless  of  whether  a  C— H  bending  mode 
can  be  detected  in  the  PM-IRRAS  data,  the  fact  remains  that  it 
is  expected  to  occur  in  the  vicinity  of  1450  cm-1.  Hence,  the 
first  overtone  (~2900  cm-1,  neglecting  anharmonicity)  falls  in 
the  range  of  the  C— H  stretching  fundamentals,  and  attention 
must  then  be  paid  to  the  possibility  of  Fermi  resonance.  In  this 
process  (see,  e.g.,  ref  58),  an  overtone  of  a  lower-energy  mode 
is  accidentally  degenerate  with  a  higher-energy  fundamental  of 
the  same  symmetry.  Mixing  of  the  overtone  and  fundamental, 
via  anharmonic  coupling,  leads  to  “intensity  borrowing”  by  the 
normally  weak  overtone  absorption  and  to  a  “repulsion”  or 
“avoided  crossing”  which  shifts  the  two  components  away  from 


9974  J.  Phys.  Chem.  B,  Vol.  109,  No.  20,  2005 


Bermudez 


cm 

Figure  4.  Similar  to  Figure  3  but  showing  the  results  for  adsorption 
of  D  atoms.  The  A10— D  stretching  mode,  due  to  D  adsorption  on  the 
substrate  oxide,  is  indicated. 

each  other  and  from  their  unperturbed  positions.  If  such  an  effect 
were  important  here,  then  one  of  the  modes  identified  above  as 
“C— H  stretching”  might  in  reality  be  the  overtone  of  a  C— H 
bending  mode. 

To  test  this  possibility,  and  also  to  help  clarify  the  low-energy 
end  of  the  spectrum  by  shifting  any  bending  mode  to  below 
the  1200—1600  cm-1  range,  the  experiment  was  repeated  with 
D2  instead  of  FB.  For  the  diamond  (100)-(2  x  1)D  surface,59 
for  example,  the  overtone  of  the  C— D  bend  at  1054  cm-1  is 
sufficiently  far  from  the  C— D  stretching  fundamental  at  2181 
cm- 1  that  Fermi  resonance  should  be  precluded.  In  the  present 
case  of  SWNTs,  observation  of  three  “C— H  stretches”  but  only 
two  C— D  stretches  would  signal  a  Fermi  resonance  for  the 
former. 

Figure  4  shows  the  D-atom  data  in  the  same  form  as  the 
H-atom  data  in  Figure  3.  The  C— D  stretching  region  (~2050— 
2250  cm-1)  cannot  be  fitted  well  with  only  two  Gaussians,  but 
a  three-component  fit  in  the  C— D  region  gives  peak  energies 
(fwhm’s)  of  2100  (51),  2153  (53),  and  2208  (44)  cm-1.  The 
fwhm  values  are  close  to  the  corresponding  C— H  widths  given 
above,  and  the  vch/^cd  ratios  are  in  the  range  1.34—1.36,  as 
expected  from  results60  for  n-alkyl  chains.  The  observation  of 
three  C— D  modes  indicates  that  any  effect  of  Fermi  resonance 
on  the  C— H  stretching  region  is  negligible  at  the  level  of  the 
sensitivity  and  resolution  of  the  present  data,  possibly  as  a  result 
of  there  being  only  a  weak  anharmonic  coupling  to  the  bending 
overtone.  Furthermore,  the  fact  that  Vch/^cd  lies  in  the  expected 
range  for  all  three  modes  argues  against  the  Fermi  resonance 
repulsion  effect  noted  above  which  would  have  yielded  an 
anomalous  value  for  one  or  more  vch/vcd  ratios.  However,  it 
is  unclear  why  the  relative  intensities  are  different  in  the  C— H 
and  C— D  spectra. 

Figure  4  also  shows  a  weak  feature  in  the  C— H  stretching 
range,  due  to  H2  contamination  in  the  D2,  and  a  peak  at  ~2728 
cm-1  with  some  evidence  of  a  shoulder  on  the  low-energy  side. 
This  feature  is  assigned  to  the  AlO— D  stretch61  due  to  D 
adsorption  on  the  oxidized  A1  substrate,  and  the  shoulder  may 
result  from  hydrogen  bonding  between  adjacent  AlOD  sites. 
The  absence  of  a  similar  feature  in  Figure  3  for  H  adsorption 
(at  3745  cm-1,  ref  61)  results  from  the  poor  sensitivity  at  the 
extreme  high-energy  end  of  the  spectrum.  Repeating  the 
H/SWNT  experiment,  after  adjusting  the  phase  modulation 


amplitude  (see  above)  to  increase  sensitivity  in  this  region, 
revealed  a  broad  band  in  the  3600—3700  cm-1  range  consistent 
with  H-bonded  —OH  groups  on  ABO3  (ref  62).  There  is, 
however,  no  indication  of  a  CO— D  stretching  mode  in  the 
2400—2500  cm-1  range  in  Figure  4  which  would  indicate  attack 
by  D  atoms  on  C— O— C  groups  in  the  nanotube  wall.  Figure  4 
also  shows  the  same  negative  peaks,  at  about  1300  and  1580 
cm-1,  as  do  the  H-atom  data  in  Figure  3.  However,  the  apparent 
positive  peak  at  1450  cm-1  (Figure  3)  due  to  C— H  bending 
has  been  shifted  to  lower  energy  by  D  substitution.  The  C— D 
bending  mode  is  expected  to  fall  in  the  950—1050  cm-1  range, 
but  the  signal-to-noise  ratio  in  the  present  data  is  not  sufficient 
to  permit  a  clear  identification  of  this  mode. 

We  now  proceed  to  an  interpretation  of  the  results 
given  above.  A  >C(H)— C(H)<  structure  is  predicted 
theoretically31’32’63-66  to  be  the  result  of  adsorbing  H  atoms  on 
a  “perfect”  SWNT.  This  species  exhibits  two  C— H  stretching 
modes,  namely,  symmetric  (vs)  and  asymmetric  (va).  For  the 
hydrogenated  C(100)-(2  x  1)  surface,67  only  one  of  the  two 
modes  of  this  “monohydride”  structure  is  sufficiently  intense 
to  be  detected  in  a  multiple  internal  reflection  experiment  and 
is  found  at  2897  cm-1.  It  is  also  seen67  to  have  an  annealing 
dependence  different  from  that  of  >CH2  modes,  which  are  also 
found  at  2854  and  2921  cm-1.  None  of  the  H/SWNT  modes 
seen  here  are  sufficiently  close  in  energy  to  2897  cm-1  to  be 
assigned  with  confidence  to  >C(H)— C(H)<.  On  the  other  hand, 
the  energies  are  all  close  to  those  typically  observed60-68  for 
n-alkanes.  For  these  species,  va(>CH2)  and  vs(>CH2)  fall  near 
2920  and  2851  cm-1,  respectively,  and  va(— CH3)  occurs  near 
2957  cm-1.  The  va(— CH3)  mode  consists  of  in-plane  and  out- 
of-plane  components  which  are  ~10  cm-1  apart  and  would  not 
be  resolvable  in  the  present  data.  The  vs(— CH3)  mode  undergoes 
Fermi  resonance  with  the  overtone  of  the  <5a(— CH3)  asymmetric 
deformation,  and  this  effect  produces  absorptions  at  about  2937 
and  2878  cm-1.  In  samples  with  randomly  oriented  alkyl  chains, 
the  intensity  of  either  of  these  features  is  less  than  that  of  the 
va(— CH3)  mode  near  2957  cm-1. 

Applying  these  results  to  the  present  data  then  suggests  a 
model  in  which  H  reacts  preferentially55,56  at  or  near  defective 
or  strained  sites,  causing  a  reduction  in  intensity  in  the  1300 
cm-1  mode,  as  well  as  a  loss  of  some  >C=C<  sites  (1580 
cm-1),  to  produce  alkyl-like  — (CH2)„CH3  or  — CUT)— QH?) — 
species.  Such  a  process  implies  an  opening  of  holes  in  the 
nanotube  wall.  Similar  structures  have  been  suggested  for 
nanotubes  grown  by  radio  frequency  plasma-enhanced69  or 
electron  cyclotron  resonance  chemical  vapor  deposition,70  for 
which  C— H  spectra  similar  to  those  obtained  here  were 
observed.  There  is  no  clear  spectroscopic  evidence  in  the  present 
data  for  the  formation  of  a  high  concentration  of  >  C(H)— C(H)  < 
sites.  Perhaps  this  mode  of  adsorption  is  inhibited  by  the 
presence  of  C~ O— C  groups  in  the  nanotube  wall,  which  has 
not  to  our  knowledge  been  considered  in  theoretical  discussions. 

3.3.  DMMP.  The  adsorption  of  DMMP  on  nonmetals, 
primarily  on  oxides,71-76  has  been  studied  extensively  due  to 
its  importance  as  a  simulant  for  toxic  nerve  agents  and 
pesticides.  The  interaction  of  DMMP  with  activated  carbon77 
and  with  alkanethiolate  self-assembled  monolayers  (SAMs)  on 
Au78  has  also  been  investigated.  Activated  carbon  is  found77  to 
catalyze  the  decomposition  of  DMMP  at  elevated  temperatures, 
and  the  SAM  results78  show  that  functional  groups  able  to  form 
H-bonds  to  the  P=0  group  significantly  increase  the  heat  of 
adsorption  of  DMMP.  Detailed  vibrational  mode  assignments 
for  the  IR  and  Raman  spectra  of  liquid  DMMP  have  been  given 
by  Moravie  et  al.79 
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Figure  5.  PM-IRRAS  data  for  a  SWNT/A1  sample  in  a  0.23  Ton- 
ambient  of  DMMP  vapor.  The  transmission  spectrum  of  DMMP  vapor 
(ref  39)  is  also  shown.  The  insets  show  parts  of  the  spectrum  in  more 
detail,  and  various  regions  are  assigned  according  to  ref  79.  “vs”  and 
“v”  refer  to  symmetric  and  antisymmetric  stretching  modes.  In  the 
C— H  stretching  region  (upper  inset),  adsorption-induced  frequency 
shifts  are  noted  in  the  more  intense  peaks.  A  schematic  model  of  the 
DMMP  molecular  structure  is  also  shown.  In  the  lower  inset,  a  feature 
believed  to  be  due  to  the  1580  cm~'  SWNT  phonon  is  indicated. 

Figure  5  shows  IR  data  for  DMMP  adsorbed  on  SWNTs  and 
in  the  vapor  phase.39  The  adsorbate  spectrum  was  recorded  in 
a  0.23  Torr  ambient  of  DMMP  vapor.  The  room-temperature 
vapor  pressure80  of  DMMP  is  about  1 .0  Torr.  Due  to  the  long 
(30  cm)  optical  path  through  the  UHV  chamber,  strong 
absorptions  occur  due  to  gas-phase  DMMP  which  are  effectively 
eliminated  in  A R/R.  Except  where  noted,  increasing  the  DMMP 
pressure  to  0.58  Torr  had  no  significant  effect  other  than  a 
uniform  increase  in  the  intensity  of  all  bands.  Because  of  the 
porous  nature  of  the  SWNT  film,  adsorbed  DMMP  molecules 
are  randomly  oriented  with  respect  to  the  surface  normal.  Hence, 
all  modes  have  a  finite  projection  of  the  dynamic  dipole  moment 
on  the  surface  normal  and  thus  are  detectable  in  PM-IRRAS. 
Except  where  noted  below,  all  adsorbate  peaks  correspond  to 
those  observed  for  the  molecular  vapor,  and  none  of  the  free- 
molecule  peaks  appear  to  be  missing  or  strongly  shifted  in  the 
adsorbate  spectrum.  This  indicates  that  adsorption  is  nondisso- 
ciative.  However,  small  changes  are  noted  in  the  positions  and 
relative  intensities  of  various  peaks  upon  adsorption,  and  these 
effects  will  be  discussed  below. 

A  clear  shift  to  lower  energy  is  seen  for  the  P=0  stretching 
frequency  of  the  adsorbate  which  indicates  that  this  group  is 
involved  in  bonding  to  the  SWNT.  The  red-shift  of  v(P=0) 
from  the  gas-phase  value  (1276  cm-1)  is  known  (e.g.,  refs  74 
and  75)  to  be  a  sensitive  indicator  of  the  strength  of  the 
interaction  between  DMMP  and  the  local  environment.  The  data 
in  Figure  5  show  a  shift  of  —23  cm-1  (to  1253  cm-1)  which  is 
smaller  than  the  shift  of  —34  cm-1  upon  going  from  the  vapor 
to  the  solid  (ice)  phase74  of  DMMP.  These  results  are  consistent 
with  recent  theoretical  work81  which  finds  that  DMMP  adsorp¬ 
tion  occurs  via  a  very  weak  van  der  Waals  interaction  involving 
the  P=0  dipole. 

An  additional  indication  of  the  adsorbate  structure  is  found 
in  the  vs(0— CH3)  and  va(0— CH3)  methoxy  O— C  stretching 
modes  which  give  rise  to  the  pair  of  overlapping  peaks  in  the 
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Figure  6.  Similar  to  Figure  5  but  showing  the  effects  of  evacuating  a 
0.58  Torr  DMMP  ambient.  Note  the  different  energy  ranges  in  the  two 
panels.  Various  regions  are  assigned  according  to  ref  79.  “<5S”  and  “da” 
refer  to  symmetric  and  antisymmetric  C— H  deformation  modes.  The 
two  — OCH3  deformations  are  too  close  in  energy  to  resolve  in  the 
present  data. 

1050—1075  cm-1  range.  These  are  virtually  unshifted  from  the 
vapor-phase  energies,  although  there  is  a  change  in  relative 
intensity.  The  lack  of  a  significant  frequency  shift  suggests  that 
the  O  atoms  in  the  — OCH3  groups  are  not  involved  in  bonding 
to  the  SWNT,  unlike  in  the  case  of  SiCF  (ref  75)  where  they 
form  H-bonds  to  surface  —OH  groups.  In  solid  DMMP  (ice), 
intermolecular  interaction  causes  a  —21  cm-1  shift74  of 
va(0— CH3)  and  vs(0~ CH3),  whereas,  again,  no  similar  shift  is 
seen  for  adsorption  on  SWNTs. 

As  a  check,  similar  experiments  were  performed  for  the  bare 
A1  reference  substrate  (see  above).  In  a  DMMP  ambient  of  0.23 
Torr,  very  little  adsorbate  signal  was  detected.  This  consisted 
of  weak,  broad  bands  (not  shown)  at  about  1050  and  1240  cm-1 
in  qualitative  agreement  with  previous  results73  for  exposure 
of  Al203  powder  to  DMMP  at  room  temperature.  In  the  present 
case,  the  bare  A1  was  not  cleaned  in  situ  other  than  by  heating 
to  about  520  °C  in  UHV  and  almost  certainly  was  contaminated 
with  amorphous  C  as  well  as  with  oxide.  In  any  case,  the  results 
show  that  the  spectra  in  Figures  5  and  6  receive  no  significant 
contribution  from  interaction  between  DMMP  and  the  substrate. 

There  is  one  feature  for  DMMP  adsorbed  on  SWNTs  that 
does  not  appear  in  the  vapor  spectrum,  namely,  the  peak  at  1580 
cm-1  indicated  in  Figure  5.  This  is  close  in  energy  to  the  SWNT 
>C=C<  stretching  mode  (see  above)  and  may  indicate  that 
this  bond  is  perturbed  by  adsorption  so  as  to  increase  the 
intensity  (i.e.,  the  dynamic  dipole  moment)  of  the  mode  without 
causing  a  significant  shift  in  energy.  An  effect  of  this  nature 
has  been  reported82  in  the  ozonation  of  SWNTs.  Another 
possible  explanation  lies  in  the  observed  (see  below)  reduction 
in  free-carrier  density  that  results  from  DMMP  adsorption.  This 
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would  reduce  the  screening  of  the  dynamic  dipole  moment  of 
SWNT  phonons  and  make  such  modes  appear  stronger  in 
IRRAS. 

Upon  evacuation,  part  of  the  DMMP  remains  on  the  surface 
and  subtle  changes  in  the  spectrum  occur,  as  shown  in  Figure 
6.  The  main  effect  of  evacuating  the  DMMP  is  a  uniform  loss 
of  intensity  across  the  whole  spectrum  with  slight  changes  in 
the  relative  intensities  of  various  features  (see  below).  However, 
v(P=0)  is  further  red-shifted  (to  1246  cm-1)  and  broadened 
somewhat,  relative  to  the  high-coverage  spectrum,  indicating 
that  the  remaining  DMMP  interacts  more  strongly  with  the 
SWNTs.  A  weaker  interaction  at  higher  coverage,  corresponding 
to  a  higher  P=0  frequency,  could  result  from  a  repulsive 
interaction  between  DMMP  molecules  due  to  steric  effects.  The 
shift  could  also  indicate  a  distribution  of  different  adsorption 
sites  (due,  e.g.,  to  defects  in  the  nanotube  walls)  such  that  the 
less  attractive  sites  (with  a  higher  P=0  frequency)  are  populated 
only  at  higher  coverage.  The  latter  model,  involving  defect  sites 
that  saturate  at  lower  coverage,  is  favored  by  the  increased  line 
width  for  the  P=0  mode  after  evacuation  which  suggests  that 
such  sites  may  be  relatively  more  important  at  lower  coverage. 

Changes  in  the  relative  intensity  of  various  features  are  noted 
in  comparing  the  data  in  Figures  5  and  6.  The  sequence  vapor 
— -  high  coverage  (0.58  Torr)  —  low  coverage  (pumped  out) 
corresponds  to  an  increase  in  the  DMMP/SWNT  interaction, 
as  deduced  from  the  trend  in  v(P=0)  discussed  above.  As  the 
strength  of  the  DMMP/SWNT  interaction  increases,  the  vs  and 
va  modes  for  — OCH3  maintain  an  approximately  constant 
relative  intensity,  whereas  vs(PGH3)  gains  and  va(PCH3)  loses 
relative  intensity.  The  (5as(OCH3)  C~  H  deformation  modes  of 
the  methoxy  —  CH3,  and  perhaps  the  (id  PC  H  i)  C — H  deforma¬ 
tion  of  the  — PCH3,  also  gain  relative  intensity  in  the  adsorbed 
state  (Figure  5).  The  DMMP/SWNT  interaction  does  not  appear 
to  affect  other  relative  intensities,  although  vs(P— O)  and 
va(P— O)  may  be  lost  in  the  noise  after  evacuation  (Figure  6b). 
Finally,  small  adsorption-induced  shifts  to  lower  energy  are  seen 
in  the  vs(OCH3)  and  va(OCH3)  modes  (Figure  5). 

Effects  similar  to  those  noted  here  have  been  seen74  in 
comparing  the  transmission  spectra  of  vapor-phase  and  con¬ 
densed  (ice)  DMMP.  This  suggests  that  they  are  related  to 
intermolecular  interactions  (in  the  case  of  DMMP  ice)  or  to 
DMMP/SWNT  interaction  (in  the  present  case).  Due  to  the 
metal-surface  IRRAS  selection  rule  noted  above,  changes  in 
dipole  orientation  with  respect  to  the  surface  normal  could  also, 
in  principle,  affect  relative  intensities  in  the  present  experiments. 
However,  such  factors  would  not  affect  the  DMMP  ice  data74 
which  were  obtained  by  transmission  for  an  isotropic,  nonmetal- 
lic  substrate. 

A  further  experiment  was  performed  in  which  the  SWNT 
sample  was  first  exposed  to  H  atoms,  as  described  above,  prior 
to  exposing  it  to  DMMP.  This  was  done  to  determine  if 
preadsorbed  H  would  modify  the  DMMP/SWNT  interaction  to 
a  measurable  extent.  The  PM-IRRAS  data  (not  shown)  in  a  0.23 
Torr  ambient  of  DMMP  and  after  evacuation  of  the  vapor  were 
essentially  identical  to  the  corresponding  results  given  above 
for  a  sample  not  previously  exposed  to  H.  This  is  consis¬ 
tent  with  the  finding,  noted  above,  that  H  adsorption  under  the 
present  condition  removes  only  a  small  fraction  of  the 
>C=C<  sites. 

A  limited  study  of  annealing  effects  (not  shown)  was  also 
performed.  After  evacuation  of  the  DMMP,  heating  to  ~150 
°C  converted  the  spectrum  to  one  resembling  that  reported73 
for  DMMP  on  AI2O3,  with  almost  complete  elimination  of  the 
P=0  stretching  mode.  This  suggests  that  a  mild  thermal 
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Figure  7.  Normal-incidence  reflectance,  in  air,  for  a  semi-infinite 
SWNT  substrate  computed  using  a  Drude— Lorentz  dielectric  function 
of  the  form  given  by  Ugawa  et  al.  (ref  86).  The  Drude  parameters  are 
n  =  lx  10-°,  1  x  1019,  and  1  x  1021  cm-3,  respectively,  for  curves  1, 
2,  and  3  (all  with  y  =  2000  cm-1).  The  corresponding  plasmon 
frequencies  are  aip  =  2994,  947,  and  9472  cm-1,  respectively.  Curves 
4  and  5,  respectively,  are  for  y  =  4000  and  1000  cm-1  (both  with  n  — 
1  x  102°  cm-3). 

treatment  causes  desorption  of  DMMP  from  the  SWNTs  and/ 
or  diffusion  from  the  SWNTs  to  the  substrate.  The  further 
possibility  of  a  reaction  between  DMMP  and  the  SWNT  at 
elevated  temperature  cannot,  at  present,  be  completely  elimi¬ 
nated,  especially  in  view  of  the  results77  for  DMMP  on  activated 
carbon.  However,  the  very  weak  DMMP/SWNT  bonding  at 
room  temperature  makes  this  appear  to  be  unlikely. 

3.4.  The  Broad  Background.  The  DMMP  spectra  discussed 
above  exhibit  a  broad  and  smoothly  varying  background  that  is 
completely  reproducible.  A  similar  phenomenon  has  been  widely 
studied  for  metallic  substrates  (refs  83—85  and  references 
therein),  for  which  adsorption  is  seen  to  shift  the  background 
in  the  direction  of  decreasing  Rp  to  a  degree  that  increases  with 
photon  energy  over  the  far-  and  mid-IR  range.  This  has  been 
explained  quantitatively  in  terms  of  an  adsorption-induced 
decrease  in  both  the  free-electron  density  at  the  surface  (due  to 
chemical  bond  formation)  and  the  electron  scattering  lifetime. 
These  effects  are  correlated  with  a  measurable  decrease  in  the 
electrical  conductivity  of  metallic  thin  films  when  exposed  to 
reactive  gases.  The  net  effect  is  to  make  the  adsorbate-covered 
surface  “look  less  metallic”  in  the  IR  than  does  the  clean  surface 
which  leads  to  the  observed  decrease  in  Rp. 

A  similar  discussion  can  be  applied  to  the  case  of  SWNTs 
using  the  Drude— Lorentz  complex  dielectric  function  introduced 
by  Ugawa  et  al.86  to  account  for  the  SWNT  reflectance  in  the 
~3  meV  to  3  eV  (~25  to  25  x  103  cm-1)  range.  This  is  given 
by 

e  —  (n  +  ik)2  —  —  (o2/(w2  +  iyco)  +  S;[Q^2/[(a»0.2  — 

a)2)  —  iVjOj]  (1) 

where  atp  =  ( Amielm)112  is  the  plasmon  frequency  of  the  free- 
electron  gas.  Here,  cop  (cm-1)  =  (8.9698  x  10-14n)1/2  in  terms 
of  the  carrier  density  n  (cm-3)  and  m  and  e  are  the  carrier  mass 
and  charge  (both  set  equal  to  the  free-electron  values).  Figure 
7  shows  normal-incidence  reflectance  spectra  calculated  using 
eq  1  and  the  Fresnel  relations  for  a  semi-infinite  SWNT  substrate 
in  air  with  different  values  for  n  and  y  (the  plasmon  damping 
term).  These  results  are  useful  in  visualizing  the  relationship 
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Figure  8.  (solid)  PM-IRRAS  data  for  a  SWNT  sample  in  a  DMMP 
ambient  of  0.58  Torr.  (dashed)  Computed  spectrum  for  a  SWNT  layer 
on  A1  showing  the  effect  of  modification  of  the  Drude  parameters  by 
DMMP  adsorption  (see  text). 

between  the  electronic  and  mid-IR  optical  properties.  The  single¬ 
oscillator  Lorentz  parameters  (Q  =  3629  cm-1,  ojq  =  161.3 
cm-1,  T  =  338.7  cm-1)  and  the  frequency-independent  term 
(e,,  =  8.5)  are  those  given  in  ref  86  for  room  temperature.  The 
conduction  in  air-exposed  SWNTs  occurs  via  holes;8’52  however, 
no  distinction  is  made  here  between  holes  and  electrons  as  the 
majority  carriers.  Curve  1  in  Figure  7,  with  n—  lx  1020  cm-3 
and  y  =  2000  cm-1,  corresponds  approximately  to  the  single¬ 
oscillator  best-fit  results  discussed  by  Ugawa  et  al.  for  their 
sample.86 

Figure  7  illustrates  the  basic  points  mentioned  above.  Increas¬ 
ing  n  or  decreasing  y  (=l/r,  where  r  is  the  electron  scattering 
lifetime)  makes  the  substrate  “look  more  metallic”,  leading  to 
an  increased  reflectance.  Note  that  the  differences  between  the 
curves  in  Figure  7  are  much  greater  than  the  adsorbate-induced 
reflectance  changes  seen  in  the  data  given  above.  Hence,  d- 
(AR/R)  is  expected  to  be  very  sensitive  to  changes  in  the  Drude 
parameters.  Any  adsorbate  is  expected  to  increase  y,  but  the 
SWNT  n  can  change  in  either  direction  depending  on  the 
chemical  species.  The  situation  is  further  complicated,  in  the 
case  of  SWNTs,  by  the  combined  presence  of  both  Drude  and 
Lorentz  terms.  It  is  noted  that  a  similar  approach  has  been 
applied  to  a  qualitative  interpretation  of  changes  in  the  IR  diffuse 
reflectance  spectra  of  SWNTs  following  saturation  with  H2  at 
high  pressure.87 

Figure  8  shows  the  application  of  this  model  to  DMMP 
adsorption  on  SWNTs.  The  calculation  was  done  for  a  SWNT 
layer  on  Al  (ignoring  any  chemical  effects  at  the  interface)  at 
an  angle  of  incidence  of  82°  as  in  the  experiment.  The  single¬ 
oscillator  Drude— Lorentz  function  described  above  was  used 
to  model  the  SWNT  layer,  ignoring  any  anisotropy  in  the  optical 
constants,  and  the  Al  optical  constants  were  obtained  from 
tabulated  data.88  An  effective  SWNT  layer  thickness  of  50  nm 
was  assumed,  and  the  Drude  parameters  for  both  the  bare  and 
DMMP-covered  SWNT  layer  were  varied  by  trial  and  error  in 
order  to  reproduce  qualitatively  the  overall  shape  of  the 
background.  The  adsorbate  was  assumed  to  affect  the  entire 
depth  of  the  SWNT  layer  uniformly.  The  calculated  spectrum 
was  very  sensitive  to  all  four  parameters,  that  is,  n  and  y  before 
and  after  DMMP  adsorption,  and  the  result  shown  in  Figure  8 
was  divided  by  a  factor  of  5  in  order  to  match  the  scale  of  the 
observed  spectrum. 


The  computed  spectrum  in  Figure  8  was  obtained  with  n  — 
2  x  1021  (2  x  1020)  cm-3  and  y  =  2  x  103  (6  x  103)  cm-1 
before  (after)  DMMP  adsorption.  The  results  show  that  the 
simple  and  approximate  model  used  here  can  account  qualita¬ 
tively  for  the  overall  shape  of  the  background.  The  sample  is 
assumed  to  be  a  mixture  of  metallic  and  semiconducting  tubes, 
and  the  n  values  thus  represent  average  quantities.  The 
adsorbate-induced  changes  in  n  and  y  are  both  consistent  with 
the  observed34  increase  in  resistance  when  a  SWNT  layer  is 
exposed  to  DMMP.  In  principle,  a  more  accurate  least-squares 
fitting  procedure  should  enable  the  determination  of  SWNT 
electronic  properties  from  IR  reflectance  data.  The  effect  of 
adsorbed  H  was  not  considered,  since  it  alters  the  structure  of 
the  SWNT  wall,  as  discussed  above,  which  means  that  the 
optical  effects  of  H  cannot  be  modeled  simply  in  terms  of 
changes  in  the  Drude  parameters.  Furthermore,  H  adsorption 
under  the  present  conditions  appears  to  occur  locally,  rather  than 
uniformly  over  the  entire  SWNT,  which  would  lead  to  an 
inhomogeneous  H/SWNT  layer. 

4.  Summary 

Carbon  nanotubes  were  deposited  on  an  Al  substrate  and 
cleaned  by  heating  in  UHV.  The  sample  was  then  exposed  to 
H  (or  D)  atoms  and/or  to  DMMP,  and  PM-IRRAS  spectra  were 
recorded.  The  results  are  as  follows. 

(1)  The  PM-IRRAS  approach  is  shown  to  be  a  viable 
technique  for  obtaining  vibrational  spectroscopic  data  for 
adsorption  on  SWNTs  deposited  on  metallic  substrates.  It  is 
thus  possible  to  observe  weakly  interacting  surface  species  under 
finite  steady-state  reagent  pressures.  Although  the  present  work 
has  focused  entirely  on  IR-spectroscopic  aspects,  the  use  of  a 
metallic  substrate15  will  also  facilitate  the  application  of  surface- 
sensitive  electron  spectroscopies  such  as  AES  and  XPS. 

(2)  Adsorption  of  atomic  H  occurs  preferentially  near  strained 
or  defective  regions  in  the  nanotube  wall  to  produce  a  spectrum 
consistent  with  alkane-like  species  (>CH2  and  — CH3).  Only  a 
small  fraction  of  the  >  C=C  <  sites  in  the  nanotube  wall  react 
with  H,  and  there  is  no  clear  indication  for  production  of 
monohydride  >C(H)— C(H)<  species. 

(3)  For  DMMP,  data  were  obtained  under  steady-state 
conditions  in  reagent  pressures  in  excess  of  half  the  room- 
temperature  vapor  pressure.  Adsorption  occurs  via  the  P=0 
group  with  a  coverage  that  depends  on  the  ambient  pressure. 
Varying  the  DMMP  coverage  by  changing  the  ambient  pressure 
causes  changes  in  the  spectrum  that  can  be  related  to  the  strength 
of  the  DMMP/SWNT  interaction.  Preadsorbed  H  is  seen  to  have 
little  or  no  effect  on  the  subsequent  adsorption  of  DMMP. 

(4)  The  DMMP  molecular  features  are  superimposed  on  a 
broad,  smoothly  varying  background  that  can  be  related  to 
adsorption-induced  changes  in  the  Drude  parameters  character¬ 
izing  the  SWNT  free-carrier  density  and  scattering  lifetime. 

A  shortcoming  of  the  present  approach,  and  of  any  others 
involving  SWNTs  supported  on  another  material,  is  the  issue 
of  substrate  effects.  The  data  presented  here  show  only  minor 
features  due  to  adsorption  on  the  support,  such  as  AlOD 
formation  during  D-atom  exposure  and  reaction  with  DMMP 
during  annealing.  However,  similar  experiments  with  NO2  (not 
discussed  here)  were  in  fact  dominated  by  adsorption  on  the 
oxidized  Al  surface.  In  principle,  such  perturbations  could  be 
diminished  through  the  use  of  a  more  inert  material  such  as 
Au,  but  the  possibility  of  substrate  effects,  which  have  been 
documented  here,  remains  a  concern.  A  further  issue  has  to  do 
with  chemical  reaction  between  the  SWNTs  and  the  substrate, 
particularly  for  high-temperature  anneals  when  the  support  is  a 
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carbide-forming  metal.  Some  indication  of  such  an  effect  has 
been  seen  here  in  the  formation  of  Al— O— C  bonds  during 
annealing.  This  ability  to  detect  chemical  processes  at  the 
SWNT/metal  interface  actually  offers  certain  opportunities. 
Recent  work89  has  shown  that  the  electronic  properties  of 
SWNT/metal  contacts  can  be  significantly  modified  by  the 
introduction  of  organic  adsorbates,  and  it  thus  appears  feasible 
to  study  such  phenomena  spectroscopically.  In  principle,  the 
ability  to  perform  AES  or  XPS  measurements  in  parallel  with 
the  IR  experiments  will  shed  light  on  the  issue  of  substrate 
effects. 
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